Methods are presented for the forming of articles during shock compaction of powders in the cylindrical configuration. The forming methods make use of mandrels of either a polymer or a metal, since those materials can easily be machined in the required shape. The polymer mandrel decomposes during the shock compression process, forming a hole in the compact with the dimensions of the mandrel. Aluminum mandrels do not decompose, but may change their shape during the compaction process. The aluminum of the mandrel can also be used for a subsequent melt infiltration of the remaining pores in the compacts. In this way fully dense venturi shaped nozzles of TiB2-Al have been fabricated.
Introduction
In shock compaction of powders in the cylindrical configuration, normally mandrels are only used to avoid problems with the compact at the cylindrical axis due to an irregular reflection of the initial shock wave [1] . Without a mandrel, the irregular reflection or Mach stem can result in an axial hole at the center of the compact. With the cylindrical method tubes, and in the case that without a mandrel no Mach stem occurs, rods can be produced. Although in this configuration the articles to be formed are limited to have a cylindrical symmetry, the length and the number of the objects can easily be increased. This possibility to scale up the process is a great advantage compared to other configurations. Coils of oxide superconductors were fabricated by Takashima et al. [21, by putting a hollow metal coil, which contained the powder to be compacted, inside a tube with SiC powder. Here the SiC powder merely acted as a shock transmission medium. In this work, cylindrical and venturi shaped articles were fabricated in two ways:
Firstly, using the decomposition of a polymer during shock compaction. This formed a hole in the compact at positions that were earlier occupied by the polymer.
Secondly, aluminum mandrels were used that after the shock compaction process can be removed by melting. The ceramic powder is formed around the mandrel during the shock compaction process. When melted, the aluminum can be used for the infiltration of the remaining pores in the compact [3] . This may result in near-net shaped metal ceramic composites. As an example, the fabrication of a venturi shaped nozzle is shown.
Experimental procedures

Polymeric mandrel
In the case of a polymeric mandrel the shock wave increases the internal energy to such a high level that decomposition of the polymer occurs. We used a cylindrical PVC mandrel with a diameter of 6 mm, centered in an aluminum container filled with B4C powder (ESK, Germany). The container was surrounded with a 18 mm thick layer of AMPA, a TNO explosive melange, having a detonation velocity of 3.6 km/s. After shock compaction the recovered compact had a hole at the position and with the dimensions of the former polymer mandrel, see Fig. 1 . It is assumed that the polymer decomposes into gaseous products during the pressure built-up occurring inside the impedance trap formed by the polymer and the compacted powder. The starting powder has a very low impedance being of the same order of magnitude as the impedance of the polymer. After the initial shock wave the increase in impedance of the powder is much greater than that of the shocked polymer. As a consequence, the shock wave is trapped inside the polymer, since it is surrounded by a material with higher impedance. The pressure and temperature of the polymer increase due to the dissipation of energy caused by the multiple reflections of the shock waves. Wylie et al. [4] made use of this principle to create small axial holes during shock compaction of tubes.
Aluminum mandrel
For the case of an aluminum mandrel, first cylindrically formed tubes surrounded by stainless steel were fabricated. In this case, the mandrels remain intact during the compaction process. After shock compaction of a ceramic powder (B4C or TiB2) in the stainless steel container, a macro crack-free article was manufactured by infiltrating the compact with the aluminum of the mandrel [3, 5] . An example is shown in Fig. 2 Then the compact was infiltrated by the remaining mandrel material in an oven (5 hours at 1050 °C in At or N2). Hereafter, only the external surface of the stainless steel container needed to be machined to complete the nozzle fabrication process (Fig.  6 ). The nozzles were used for the testing of rocket propellants, in which they functioned well [6] . 
Conclusion
The near-net-shape forming possibilities of shock compaction in the cylindrical configuration have been demonstrated. During shock compaction a hole can be formed in the compact by using a polymer mandrel inside the powder. Due to the powder compaction an impedance trap is formed in which the polymer decomposes due to pressure built-up and excessive energy dissipation.
Using an aluminum mandrel, the powder is formed around the shape of the mandrel. The remaining porosity of the formed compact can be eliminated in a subsequent infiltration process. In this way crack-free fully dense articles have been manufactured.
